In Denmark, increasing amounts of wood ashes are generated from biomass combustion for energy production.
The release of organic compounds from MA-9c and FA-2b was evaluated using an equilibrium column test 173 according to Nordtest TR576 (2004) . In this test, the leachant (0.005 M CaCl2 and 0.5 g NaN3) was recirculated 174 (flow rate: 20 ml/h) by the sample being packed in a stainless steel column for 6 days (L/S ratio 6 L/kg). At the 175 end of the test, pH and conductivity were measured in the eluates, and these were then analysed for sixteen PAH 
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In the first modelling step, chemical speciation of the solutions obtained from the pH-dependent batch 187 leaching experiments was used to identify "plausible" (explained later) mineral solubility controlling phases 188 assuming equilibrium conditions. In a subsequent modelling step, the total concentrations of available trace 189 metal(-loid)s were included in the calculations. These metal(-loid)s were allowed to react with different reactive 
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As mentioned earlier, "plausible" solubility-controlling minerals were selected based on initial 208 speciation calculations. Selection was based on a step-wise procedure. First, minerals with saturation indices (SI) 209 within the interval ±0.5 were listed -SI around "0" indicate that a particular mineral is approaching equilibrium 210 with the solution and may thus control (provided it is physically present) solution concentrations of its 211 components. This initial list is theoretical and can be rather extensive depending on the number of minerals 212 present in the mineralogy database used by the speciation model. Therefore, additional confirmation is needed to 213 evaluate whether a certain mineral is actually present (or likely to be present) in the modelled system. Despite the 214 challenges caused by a relatively large fraction of the material being non-crystalline, results from XRD analyses 215 are useful in confirming the presence of many major mineral phases.
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The results of our own XRD analyses, carried out for both samples, were combined with information 
229
"plausible" solubility controlling minerals, (iii) reactive Fe-(hydr)oxide sites approximated by "ferrihydrite" 230 (surface area of 600 m 2 /g and capacity of 1.37•10 -4 kg/kg and 9.73•10 -5 kg/kg for MA-9c and FA-2b, 
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To evaluate the potential source-term releases from wood ashes when applied to top of soil, a hypothetical 244 scenario was considered, based on the two samples MA-9c and FA-2b. In this scenario, the two ashes were 245 assumed to be placed on top of 1 m 2 of an acidic Danish forest soil with a pH value in the range 3-5 (for typical 246 pH values in Danish soil, refer to Balstrøm et al. (2013)), at the maximum allowed dosage of 300 g/m 2 (see 247 Introduction). In forest applications, wood ashes are typically spread on top of the soil and not further worked 248 with it. Due to the limited amount of ash added to the top of the soil, overall ash leaching could be expected to be 249 dominated by the acidic properties of the soil, rather than the alkaline properties of the ashes. As such, the 250 source-term release from the ashes was estimated based on pH-dependent leaching (pH 3-5, L/S 10 L/kg), itself 251 based on the defined ash dosage (300 g/m 2 ) and soil area (1 m 2 ), and it was expressed in mg/m 2 . In addition, the 252 maximum theoretical load of nutrients and potential contaminants entering the soil was evaluated based on ash composition, assuming that all solid contents would be released into the soil at some point in time. Although this 254 is unlikely to happen within a foreseeable time frame (see Astrup et al., 2006) , the maximum theoretical loads 255 can still be compared with soil quality criteria levels (described in the following paragraph) to indicate the level 256 of relevance. Similarly to the ash source-term releases, maximum theoretical loads were expressed in mg/m 2 .
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The potential soil-leachate interaction is beyond the scope of this investigation.
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Ash contents and calculated releases were compared with data for Danish atmospheric deposition 259 (Hovmand and Kystol, 2013 ) and soil quality criteria (SQC) for "very sensitive land use" (DEPA, 2015) . In (Table S3 ), together with particle size distribution curves ( Figure S1 
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With regards to typical plant nutrients, high contents of P, K and Mg were found (about 10 4 mg/kg dw), whereas the content of N was observed to be related strongly to the ash type (i.e. <400 mg/kg dw and up to 4900 mg/kg values found in FA samples. The same partitioning tendency was observed for Cu and Zn (10 1 -10 2 mg/kg and 286 10 1 -10 3 mg/kg, respectively). Several trace metal(-loid)s seemed occasionally to be enriched in FA samples 287 compared with BA samples, i.e. Cd, Mo, Se, Sn, Sr and Tl; however, the content of trace metal(-loid)s in the 288 samples showed to be generally independent of the actual ash type, e.g. As, Ba, Co, Cr, Ni, Pb, Sb and V. These Table S4 in Supplementary Material and will not be discussed further.
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TOC levels in the sixteen samples were generally between 0.28 % and 33 % (except for a few high 
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Results of the batch leaching tests are presented in Table 2 together with literature data for wood ashes. Overall, 308 the release of major components, nutrients and typical elements of environmental concern reflected levels found 309 in the literature. Detailed results for "critical elements" and other trace elements can be found in Supplementary <Table 2> 312 All leachates were strongly alkaline, with pH ranging between 11.9 and 13.8 (mean value of 13.2).
313
Electrical conductivity was measured between 9.2 and 69 mS/cm, showing a positive correlation with K 314 concentrations: high (/low) K leachate concentrations reflected in high (/low) electrical conductivity values, and 315 vice versa. The release of DOC was between 10 -3 and 10 -1 mg/kg dw at L/S 2 L/kg, while dissolved total carbon 316 levels were between 10 -2 and 10 0 mg/kg dw.
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The release of Cl, K, Na, and S appeared to be dominated by the rapid dissolution of readily soluble 318 phases. Significant amounts of these elements were released in the batch leaching test at L/S 2 L/kg by all ash 319 samples: Cl, Na and S were released in the range of 10 2 -10 3 mg/kg dw, while the release of K was between 10 3 320 and 10 4 mg/kg dw. Furthermore, comparable releases at L/S 2 L/kg and at 10 L/kg were observed for each of the 321 two samples subjected to both types of batch leaching test (i.e. MA-9c and FA-2b). This kind of leaching 322 behaviour reflects a mechanism also known as "availability controlled leaching" (Kosson et al., 1996) , which is 323 typical for readily soluble phases. Overall, the release of Cl, K, Na and S reflected typical literature ranges,
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whereas the release of Na from BA samples (i.e. 280 -1000 mg/kg at L/S 2 L/kg) was about five to six times 325 higher than literature data (i.e. 42 -200 mg/kg at L/S 10 L/kg).
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The release of Ca (10 1 -10 2 mg/kg dw), Ba and Zn (10 -2 -10 0 mg/kg dw), measured in leachates from 327 the L/S 10 L/kg batch test, was higher than from the L/S 2 L/kg test, thereby suggesting that their release was 
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Solution concentrations of Cd, Co, Sb, Sn and Tl were typically found below their respective limit of detection 331 (LOD), regardless of ash type. The release of Mo was in the order of 10 -1 -10 0 mg/kg dw, and similar releases 332 were shown at both L/S 2 L/kg and 10 L/kg, thus suggesting the leaching of this element to be availability 333 controlled. The release of Cr, Ni, and V varied significantly, i.e. 10 -3 -10 0 mg/kg dw (L/S 2 L/kg), across all 334 sample types, while a narrower release range was observed for Pb, Se and Sr. Similar releases have been 335 established in wood ash literature (see Table 2 ). shown to contain organic pollutants as a consequence of incomplete combustion, the two ashes selected here 355 indicated low levels. While this may not exclude high contents in ashes from other plants, results from these two 356 samples, in combination with the literature, may suggest that the release of PAHs is not a primary concern with 357 respect to the recirculation of wood ashes onto forest soil. Figure S3 in Supplementary Material) was found to be rather independent of pH; however, DOC levels 400 observed for the selected ash samples were up to ten times lower than the values reported in the literature for 401 MSWI ashes despite the high TOC contents observed in both types of wood ash (Table 1) . This large 402 discrepancy between "total" and "dissolved" organic carbon is likely caused by the fact that a considerable In Section 2.7, the application of 300 g/m 2 of MA-9c or FA-2b ashes on top of acidic forest soil (pH 3-5) was 430 assumed, and the source-term release from the ash was assumed to be governed by the acidic soil conditions; 431 therefore, ash leaching was estimated based on pH-dependent results (pH 3-5). Ash composition and releases 432 were compared with ten years' worth of atmospheric depositions, and it was assumed that the SQC for "very 433 sensitive land use" had to comply within the very first centimetre of soil (see Figure 4 ). 
450
The source-term release of most elements of typical environmental concern, e.g. As, Ba, Cr, Cu, Mo, 451 Ni, Pb, Sb, Se, Sn, Tl and Zn, was estimated at levels below, or close to, atmospheric deposition. Similarly, the 452 potential ash release of Co, Sr and V was significantly lower than the selected reference soil levels (Capo et al., potential toxicity and bioavailability (see Introduction), may be justified.
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Overall, the results from this study suggested that wood ash utilisation at a dosage of three tonnes per 459 hectare (300 g/m 2 ) of acidic forest soil does not appear critical compared with atmospheric deposition and SQC. were below the selected soil quality criteria levels, whereas the source-term release of Cd was identified as of potential concern compared with these levels. The expected release of nutrients such as Ca, Mg, Mn, P and K appeared significant compared to atmospheric deposition. Similar wood ash application rates can result in 485 different liming effects, depending on their alkaline species content. Similar scenario-based assessments of the 486 source-term releases of nutrients and contaminants can be made prior to ash application in specific cases, based 487 on site-specific soil characteristics and information about precipitation. Section S1. Acid neutralisation capacity (ANC):
815
ANC was determined according to CEN/TS 14997:2006 (E) using 60 g of ash wet weight and adding distilled 816 water until the L/S ratio 9 L/kg. The mixture was mixed for about an hour, and let it settled for 10 minutes before 817 measuring the solution pH. Next, small amounts of HNO3 were added, the mixture was mixed for 20 minutes, let 818 it settled for 5 minutes and the solution pH was measured; new acid was added and the procedure was repeated 819 until a pH of 2 was measured. 
